Abstract Stone column could be used as a ground improvement technique where a portion of the soil is replaced with granular material such as crushed rocks or sand which is proven to increase bearing capacity and accelerate the dissipation of pore water pressure. Since "bottom ash", as the waste of coal burning, possesses similar properties to sand, there is a potential of using bottom ash as stone columns. This paper discusses the results of the improvement in shear strength parameters of clay when reinforced with single and group bottom ash columns (BAC). A total of 39 specimens of kaolin samples were isotropically consolidated and sheared using Consolidated Undrained Triaxial Tests with pore pressure measurement to determine the shear strength parameters. Test variables include the diameter and height of columns and effective confining pressure. Results indicate that the installation of BAC in clay specimens increased the apparent cohesion but did not show any significant difference in the effective friction angle. Generally, the apparent cohesion of soft clay reinforced with partially penetrating columns is higher than that of fully penetrating columns. It is also found that during consolidation, the dissipation of pore water pressure was accelerated with the presence of BAC. Hence, it can be concluded that the consolidation and shear strength of soft clay could be improved by the installation of BAC.
Introduction
The uncontrollable usage of non-renewable natural material and the production of waste from human activities have resulted in negative impact on the earth. The utilization of byproducts or waste in the construction industry is one of the methods to achieve sustainable development. According to Muhardi et al. [1] , the power plant companies posed social and environmental problems to the society because of the magnification of disposal areas and the increased disposal expenses to accommodate the by-products that are transferred to end users. Because of that, the utilization of coal ash in construction industry is potentially the solution for the disposal problem of the material. Abdul Razak et al. [2] stated that the waste must be properly managed and disposed of without creating any harmful environmental effects. Bottom ash formed the largest component of coal ash. Kumar and Stewart [3] stated that the properties of bottom ash are almost similar to those of sand. Thus, there is a good potential of utilizing this bottom ash as a substitute material to stone columns which will significantly reduce the cost of a construction project as well as reduce the disposal area for bottom ash.
Construction on problematic soil such as soft clay requires ground improvement or modification to improve its mechanical properties. Stone columns could be used as a method where a portion of the soil is being replaced with granular material such as crushed rocks or sand. Stone columns are installed in soft cohesive soil because they can improve the bearing capacity, reduce settlement, and accelerate the dissipation of pore water pressure.
The past research on soft clay improvement includes the use of single and group sand columns tested in laboratory or field. This includes installing single and group columns (up to four columns) in clays and loaded using either top plates of typical triaxial cells or model foundations. Earlier work done by Hughes and Withers [4] proved to be very important in utilizing the small-scale laboratory tests to understand the behaviour of single stone column installed in soft clay. Sivakumar et al. [5] and Ambily and Gandhi [6] also had studied the behaviour of single columns installed in soft soil through small-scale laboratory tests. However, they used sand as the columns. Hence it is wise to refer to the stone and sand columns as granular columns.
Najjar et al. [7] reported that most researchers conducted their tests in large one-dimensional loading chambers where there is no control of drainage in the specimens during the loading process. Usually the outputs from the tests are limited to improvements in the load carrying capacity of sand column or the clay-sand column hybrid system. Muir Wood et al. Hasan et al. [14] initiated the study using bottom ash as a substitute material in stone columns in which series of Unconfined Compression Tests were conducted on kaolin clay reinforced with single and group bottom ash columns (BAC) to determine the short-term improvement of soft clay. The area replacement ratio (area of columns/area of clay specimen) used was 4 % (single column) and 16 % (group of 4 columns) while the height penetrating ratio (height of column/height of clay specimen) used was 0.6 and 1.0. They found that the undrained shear strength of the clay generally improved by the installation of BAC. However, for the clay installed with single column, the partially penetrating column gives higher improvement in the undrained shear strength than the fully penetrating column.
Field observations showed that stone columns could also accelerate the rate of consolidation of soft clays [15, 16] . Black et al. [10] stated that clay samples reinforced with an isolated, fully penetrating column showed strength increases of 33 % compared with sample without column. Maakaroun et al. [17] found that for fully penetrating columns, the increase in undrained shear strength ranged from 13 to 19.5 % and from 67.5 to 75 % for area replacement ratios of 7.9 and 17.8 %, respectively.
In a number of past studies, sand columns of different lengths were used to investigate the effect of the column penetration on the improvement of load-carrying capacity of the specimens. Many of the researchers have come up with the 'critical column length' idea where the column beyond this length will not improve the capacity of the clay. The study by Black et al. [10] concluded that for fully penetrating sand columns, the insertion of sand columns increases the load carrying capacity of the soft clays, reduces settlement, and decreases the generation of excess pore-water pressure during undrained loading. The results also showed that the improvement was dependent on the undrained shear strength of the clay, angle of internal friction of the column material, and the geometric characteristics (diameter and spacing) of the sand columns. Generally it has been shown that the relative increase in strength due to the presence of sand columns is independent of the column configuration (no effect by group column) and is only dependent on area replacement ratio of the column.
